The first measurements from the CIBER experiment of extragalactic background light (EBL) in near-infrared (NIR) band exhibit a higher intensity than those inferred through γ-ray observations. Recent theoretical-EBL intensities are typically consistent with the very high energy (VHE) γ-ray observations. Yet, it is possible that the excess NIR radiation is a new component of EBL and not in tension with the TeV spectra of distant blazars, since the hypothetical axion-like particle (ALP) may lead to a reduced opacity of the Universe for VHE γ-rays. In order to probe whether the excess component arises mainly from EBL, thirteen observed spectra in high energy and VHE ranges from ten distant TeV BL Lac objects are fitted by four theoretical spectra which involve theoretical EBL (Gilmore ), Gilmore's EBL model including photon/ALP coupling, Gilmore's EBL with CIBER excess and the latter including photon/ALP coupling respectively. We find the goodness of fit for the model with CIBER excess can be improved with a significance of 7.6 σ after including the photon/ALP coupling; Thus, the ALP/photon mixing mechanism can effectively alleviate the tension; However, the Gilmore EBL model, on the whole, is more compatible with the observed spectra compared to those with ALP, although individual blazars such as PKS 1424+240 and 1ES 1101-232 prefer the ALP-model. Our results suggest that the recent EBL models can solely explain the VHE γ-ray observations, and assuming the existence of the ALP to alleviate the tension is not required in a statistical sense, thus the excess over the EBL models is less likely to be a new EBL component. * EBL intensities (for reviews see e.g. Refs. [1, 16, 17] ) and test the empirical EBL models, e.g. Refs. [8] [9] [10] [11] [12] [13] , by comparing the difference between the assumed-intrinsic spectra and the observed one. Thanks to the discovery of more and more distant Tev blazars, several groups have detected this imprint, e.g. Refs. [15, 18, 19] , and found the intensities were near the galaxy-count lower limits.
I. INTRODUCTION
The extragalactic background light (EBL) is the cosmic background photon field that is mainly composed by ultraviolet (UV) , optical, and near-infrared (NIR) light. It is mainly produced by stars and interstellar medium in galaxies throughout the cosmic history. Consequently, the EBL is an important observable for models of galaxy formation and evolution [1] . The EBL could be directly measured with different instruments (e.g. Refs. [2] [3] [4] [5] [6] ), but it is a challenge to accurately subtract the foreground of zodiacal light and diffuse Galactic light. The lower limits of the EBL can be estimated using deep-galaxysurveys data (e.g. Refs. [7] ). Several empirical EBL models based on different complementary methodologies have been developed (e.g. Refs. [8] [9] [10] [11] [12] [13] ). Another technique to constrain the EBL indirectly is based on the γ-ray observations of extragalactic sources.
The very-high-energy (VHE, above 100 GeV) γ-rays from distant (z ≥ 0.1) blazars would suffer significant attenuation by pair-production interactions with the EBL during the propagation in extragalactic space [1, [14] [15] [16] [17] . As a result, a γ − γ absorption imprint of the EBL is carried on the VHE observed spectra of blazars. This provide an independent way to constrain indirectly the leased at 0.8-1.7 µm by CIBER [6] , exhibit larger intensity than those predicted by EBL models and measured using γ-rays observations, see Fig. 1 . Moreover, the attenuation by pair producing interaction for the TeV photons from distant blazars is most sensitive to the NIR EBL intensity at the wavelength around 1 µm [41] . Thus, even if only taking into account the measurements of CIBER, the excess radiation may lead to pair-production anomaly or an un-physically hard intrinsic spectrum (the spectrum is harder than that expected from the traditional acceleration and radiation model of blazar) for distant TeV blazars. If the excess radiation is a new EBL component, unconventional solutions are required to alleviate the tension between the VHE spectra of blazar and the measurements of CIBER.
To alleviate this tension, a possible attractive way is to assume the existence of a very light pseudo-scalar spinzero boson called axion-like particle (ALP) [40, 41] , which is predicted by many extensions of the Standard Model of particle and especially superstring theories (for reviews see e.g. Refs. [42] ). ALP is characterized by a two-photon coupling (a two-photon vertex) [43] , so it can mix with photons in external magnetic fields. This mechanism could prevent a considerable fraction of VHE photons from distant blazars from being absorbed by the soft EBL photons under given conditions, see e.g. Refs. [44] [45] [46] [47] [48] [49] . As a consequence, the detection of hard TeV photons from high red-shift sources by Imaging Atmospheric Cherenkov Telescopes (IACTs) could be reasonably interpreted even if the EBL intensity in NIR band is as high as that measured by CIBER. This is recently verified by Kohri et al. [41] on two hard spectra of TeV blazar 1ES1101-232 and H2356-309. In homogeneous external magnetic fields, they assume the emitted TeV photons can convert to ALPs in blazar jet and then this ALPs can re-convert into the photons inside the Milky Way (MW) Galaxy.
We aim to probe whether the excess radiation of CIBER is a new EBL component. So, we propose a method: thirteen observed spectra of distant TeV BL Lac objects are fitted by four theoretical spectra which involve theoretical EBL (Gilmore et al), Gilmore's EBL model with CIBER excess and Gilmore's EBL with/witout CIBER excess including photon/ALP coupling respectively; If the model including ALP and CIBER data has more significant advantage on explaining the γ-ray observations than that only with CIBER data, the tension can be alleviated or solved; Furthermore, if it is more compatible with the observations than theoretical EBL only model, then the excess component could be EBL in the presence of ALP; Otherwise the excess is less likely to be a new EBL component.
If the excess is contributed by foreground yet undefined component [6] and the Gilmore's EBL model is more preferred by the observed spectra than that including ALP, there is no real discrepancy among the observations and the hypothetical ALP is not required. Therefore, investigating the origin of the excess radiation is necessary and FIG. 1. The EBL spectrum at NIR band. The data points represent the local measurements: nominal and minimum CIBER EBL (red filled circles and blue circles [6] ), IRTS (crosses [4] ), AKARI (open triangles [5] ), HST (open rhombuses [57] ), COBE (filled and open squares [2, 58] ). Gilmore (carmine) means theoretically inferred spectrum in Ref. [12] and the data is obtained from online resources [101] . The green curve is the EBL derived from deep galaxy counts [7] . Gilmore+CIBER (blue curve) combine the Gilmore EBL spectrum and the CIBER measurement value where we take the lower limit of a σ statistical uncertainty and a systematic error (but we take a value of about 15.2 nW m −2 sr −1 for the third data point since its lower limit below the value derived from deep galaxy counts).The hatched region gives the γ-rays constraints by HESS [36] .
significant.
The structure of the paper is as follows. In Sec. II, we briefly describe the ALP/photon oscillation model. In Sec. III, we present the magnetic fields configuration and ALP/photon conversion scenarios. In Sec. IV, we analyze the Fermi-LAT and IACTs data of six BL Lacs (ten spectra). In Sec. V, the results of the spectral fits performed with the three models above are presented and discussed. Summary and conclusion are given in Sec. VI.
II. ALP (AXION-LIKE PARTICLE)-PHOTON OSCILLATION
The ALP/photon oscillation are assumed to take place in the magnetic field regions along the path of the propagating gamma-ray photons from the source to the earth.
We denote the y-axis direction as that of the propagating gamma-ray photons. We consider a photon/ALP beam of energy E γ propagating along the line of sight in a cold magnetized plasma. The beam for unpolarized photons is described with the density matrix ρ(y) = A x (y) A z (y) a(y)
where A x (y) and A z describe the photon linear polariza-tion amplitudes along the x and z axis, respectively, a(y) is the ALP amplitude. From the Lagrangian of photon-ALP system, we can derive the beam propagation equation for ultra-relativistic ALPs [43, 47, 59, 60] i
Here, M denotes the photon-ALP mixing matrix, including the mixing, refractive and the photon absorption effects. It is defined as [62] 
where B T is the component of the magnetic field strength in the x-z plane, M B T ez represents the mixing matrix for B T e z and V is the rotation matrix in the x-z plane. When B T forms an angle ψ with the z axis, the matrix V is
The Faraday effect is totally irrelevant at the energies (HE and VHE) considered in this paper and can be neglected, then the mixing matrix M B T ez can be written as
We denote the mean free path of γ-ray photon in extragalactic space as λ γ , and the ALP mass as m a .
Then the various ∆ terms in M B T ez are [43] 
a /2E γ , where g aγ is the coupling constant. The plasma effect ∆ pl is stemmed from an effective photon mass produced by charge screening in plasma. ∆ aγ is photon/ALP mixing term. The term ∆ QED describes the photon oneloop vacuum polarization. Photon-photon dispersion provided by the cosmic microwave background (CMB) leads to the term ∆ CMB with a factor (1 + z) 3 to account for the evolution of CMB density at red-shift z, which is considered only in extragalactic space. The Cotton-Mouton effect, for the energies and magnetic fields considered here, can be reasonably neglected.
For the relevant parameters, numerically we find under the natural Lorentz-Heaviside units [52] ∆ aγ 1.5 × 10 −3 g aγ 10 −12 GeV −1
where we have used the relation of unit conversion: 1 eV 6.39 · 10 30 M pc −1 , 1 g 5.60 · 10 32 eV and 1 G 1.95 · 10 −2 eV 2 [53] .
We split the beam path, in every mixing region, into many small cells with a homogeneous magnetic field in each cell. For an initial photon matrix ρ in (y 0 ) = 1/2 diag(1, 1, 0) at y 0 , the density matrix at position y is the solution of Eq. 2, which have been given in the literature, e.g. Refs. [47, 52, 59] , as
where U (y, y 0 ) = N 0 U (y n+1 , y n ) is the transfer matrix. Then the photon survival probability at the final polarization states ρ x (y) = 1/2 diag(1, 0, 0) and ρ z (y) = 1/2 diag(0, 1, 0) after propagating through a mixing region is given by P γ→γ (y, y 0 ) = T r((ρ x (y 0 ) + ρ z (y 0 ))ρ(y)).
.
If we neglect the absorption and the magnetic field strength B T is the same constant in all the cell but with a random angle ψ in each one, the condition for significant conversion is
where r is the distance the beam have propagated, and l is the cell length [55] . We use the notation above g X = g aγ /10 −X GeV and A X = A/X, where A represents B T , r, or l. In a simple case where the magnetic field is homogeneous and the resonant conversion [108] is neglected, the conversion probability of a photon to an ALP is [41, 106] 
where E crit is a critical energy, see e.g. Refs. [54] , E crit 625( m a 5 · 10 −10 eV ) 2 ( 10 −9 G B T )( 10 −11 GeV −1 g aγ )GeV (10) From Eq. 9, P γ→a become energy-independent and sizable when E γ > E crit and g aγ B T r/2 > 1.
III. MAGNETIC FIELD CONFIGURATION AND CONVERSION SCENARIOS

A. Magnetic field configuration
Along the entire path of the ALP/photon beam from the source to the Earth, the magnetic fields are ubiquitous. The environment along the line of sight can provide some cues about the magnetic fields. It is widely believed that BL Lacs reside in elliptical galaxies embedded in small galaxy clusters or galaxy groups [61] . Thus the photon/ALP beam crosses altogether five different regions of plasma and magnetic field configurations. As done in Refs. [55] , we ignore the mixing in the magnetic field of the host galaxy due to the small conversion probability in this region. Hence we only need to consider the environments of four regions the γ-rays photons pass through: 1. the jet magnetic field (JMF); 2. intra-cluster magnetic field (ICMF); 3. the intergalactic magnetic fields (IGMF); 4. the galactic magnetic field (GMF), as show in Fig. 2 .
The ALP/photon conversion, with allowed ALP parameters, in IGMF has recently been found to be significant and could enhance the spectral hardening for cosmic TeV photons, if the IGMF obtained from large-scale cosmological simulations were adopted [52] . We will apply the simulated IGMF to model the observations for the first time. At the same time, a realistic magnetic fields configurations of the ALP/photon mixing region in blazar jet will be considered.
In the following subsections, we discuss the observational evidence and model assumptions for each environment respectively.
JMF -According to the observations and theory diagnostics, the magnetic field in BL Lac jet appears to be large scale coherent field ranging from 0.1 pc near the central engine up to kpc scales along the jet, this field is mainly ordered and the component traversed to the jet axis is predominant [50, 63] . Based on this observational evidence and theoretical deduction, we apply the model proposed by Tavecchio et al. [50] or Mena et al. [104] , in which B T (y) ∝ 1 y and y is the coordinate along the jet axis.
In this model, the plasma effect can be neglected according to its numerical value in Eq. 5, given the typical relevant-parameter values (for example, the electron density n e ∼ 5 · 10 4 cm −3 , B T ∼ 0.1 − 1 G). Thus, there are four free parameters in the mixing model to be determined: the distance d VHE of VHE emitting region from the central engine, the magnetic field strength B VHE = B T (d VHE ) in VHE emitting region, the jet Doppler factor δ, and the length L of the large scale coherent magnetic field. We adopt the typical values L ∼ 1 kpc for every source. B VHE , δ and the size R VHE of emission region can be determined, in principle, by fitting to the multi-frequency observations with theoretical models for blazar emission such as synchrotron self Compton (SSC) [51] . But for simplicity we adopt a sin-gle central value for all sources, and they are B VHE =0.2 G, δ=30 and R VHE =2 × 10 16 cm. Thus d VHE can be estimated by d VHE ≈ δR VHE /2. An efficient conversion can realize, even if the coupling constant g aγ is down to 10 −12 GeV −1 for these values of B T and L according to g aγ B T r/2 > 1. Finally, we calculate the photon survival probability P jet γ→γ in this region, as show in Fig. 2 (for the source PKS 1424+240).
FIG. 2. Top panel:
Cartoon of the formalism adopted in this article, where the photon/ALP beams propagate from the VHE emission region (red solid circle) to the Earth and pass through four regions of magnetic fields: JMF, ICMF, IGMF and GMF respectively. The symbols a means ALP and the green crooked line represent ALP ⇐⇒ photon conversion. Bottom panel: The survival probability for the γ-ray photon from PKS 1424+240. The meaning of each curves are given in the graph. The probability P GEBL γ→γ is the absorption function for Gilmore EBL and P GC γ→γ represent the attenuation by Gilmore EBL and CIBER EBL. P GC γ→γ is the total probability. The values of ALP parameters are ma = 0.9 neV and g12 = 2.9 for which only the conversion in jet and in IGMF is significant.
ICMF -Faraday rotation measurements (FMs) and synchrotron emission at radio frequencies well establish that turbulent magnetic field with strength a few µG exists in the center of poor clusters or groups in which BL Lacs may be harboured [81] . The turbulent ICMF can be modeled with a divergence-free (i.e., ∇ · B=0) homo-geneous and isotropic Gaussian field, which is described in detail in Refs. [55] . In this ICMF model [82] , there are five complete free parameters, if considering the degeneracy between the magnetic field strength B 0 at the cluster centre and the index η. The mixing probability is sensitive to three parameters, i.e., B 0 , the cluster radius r max and the correlation length l that is related to the free parameters of the turbulence spectrum.
Though the source PKS 1424+240 in our sample may reside in an intermediate cluster [83] , its ICMF remains poorly known and the relevant parameters cannot be determined by insufficient information about the cluster environment. Therefore, the fiducial, corresponding to a small cluster, model parameters of Table 1 in Ref. [55] are adopted for all the sources in our sample except l.
Here, we self-consistently take l = 3.05 kpc that is resulted from the calculation with the turbulence spectrum [55] . Then, the conversion probability P ICM F γ→γ is small and even negligible for g 12 ≤ 40. This can be roughly proved with Eq. 8. Since the radius r max ∼ 300 kpc for a typical value, the average transversal components B T in the whole region is about 0.25 µG for B 0 = 1 µG, and the coupling constants g 12 ≤ 40, these parameter values lead to g 2 11 B T µG 2 (r max ) kpc l kpc < 2900. This can also be verified through numerical calculation and is shown in Fig. 3 . The photons converted to the ALPs are less than 10% when g 12 < 35, and the affection of ALP/phothon mixing in this region on the photon survival probability over the entire path P γ→γ is smaller. Even if considering the value of the most significant mixing probability g 12 = 40, the deviation in P γ→γ caused by omitting the ALP/photon mixing in this region is less than 5% in VHE band. So in order to reduce the number of free parameters, we neglect the conversion in this region for g 12 ≤ 40. IGMF -FMs of polarized extragalactic sources [85] and CMB observations [86] give the lowest upper limits on IGMF on the largest cosmological scales [52] , i.e. the average field strength of the IGMF with a coherence length l c ∼ O (1 Mpc) is O (1 nG) [87] . According to Eq. 10 and the present constraints on the ALPparameter space from other observations [52] , the conversion in the IGMF with a cell-like structure [47] is not important to reduce the cosmic opacity. However, a more realistic treatment for the IGMF have been proposed by Montanino et al. [52] , i.e., the IGMF is obtained from large-scale cosmological simulations produced with the MHD code ENZO [88] . Such simulated IGMF (B T ) would enhance to 10 −7 G in the large scale filaments of cosmic matter so that an efficient conversion could be achieved for ALP parameters that are not excluded by observations [52] .
In this work, we use this type simulated IGMF, and 98 column data of B along the random line of sights up to z=1 are obtained from the web side of Vazza [89] . These line of sights are extracted from a 200 3 M pc 3 (comoving) volume simulated with 2400 3 cells and dark matter particles (for a co-moving resolution of 83.3 kpc/cell). In their cosmological simulation, the magnetic field B is initial- Table 1 in Ref. [55] : the maximum turbulence scale kH =3.14 kpc −1 , the minimum turbulence scale kL=0.18 kpc −1 , the turbulent spectrum index q=-11/3, the electron number density n0=0.001 cm −3 , the power-law index for B(r), ηβ=2/3, the core radius of cluster rcore=100 kpc, B0=1 µG, rmax=300 kpc.
ized to B 0 =1 nG (comoving) at z=50, and is assumed to be uniform in all directions. Thus, we treat the IGMF as a turbulent field as in "cell" model, but the size of each cell or domain equal to the simulation resolution of 83.3 kpc/cell.
We calculate the mean free path of γ-ray photon in the nth-cell by λ
G/GC is the op-tical depth of Glmore EBL (see Fig. 1 ) and its combination with CIBER data (Fig. 1 ), respectively. We take the lower bound of the data with systematic error and one σ statistical error in each bin, see Fig. 1 . Even so, this lowest IR intensity of CIBER measurements can be in tension with the constraints inferred by γ-ray observations [41] . Fig. 2 show photon survival probabilities corresponding to the combined CIBER and Gilmore EBL(green curve), the Gilmore EBL (purple curve). The red-shift evolutions of the CIBER IR background due to evolutions of sources are calculated, assuming the evolution factor f evol = 1.7, with the method in Ref. [25] which is effective until z ∼ 0.6. Note that the most highred-shift source PKS1424+240 in our sample just has a red-shift z = 0.604.
The QED vacuum polarization terms and plasma effect terms are small compared to the other ones, hence they are not considered. At the highest energy band, the effect of CMB photon scattering is important [52, 90] and must be considered. We have 98 random magnetic field samples run along the line of sights extracted from largescale cosmological simulation so that we can simulate 98 random realizations of the turbulent field.
The photon survival probability P IGM F γ→γ in this region is calculated after carrying out 98 Monte Carlo simulations, see Fig. 2 , for z=0.604. In order to obtain the total probability P γ→γ below, we need to calculate the probability the photon converse to the ALP with state ρ a = diag(0, 0, 1), P IGM F γ→a = T r(ρ a ρ), and that ALP converse to ALP, P IGM F a→a = T r(ρ a U ρ a U †), in advance. GMF -We model the galactic magnetic field B with the regular component of magnetic field presented by Jansson and Farrar [91] . The turbulent component is not considered here, as the typical coherence length is far smaller than the photon-ALP oscillation length. Neglecting the plasma effect, we calculate the photon survival probability P GM F γ→γ under this magnetic-field structure. Fig. 2 shows the curve of P GM F γ→γ for g 12 = 2.9 and the conversion is puny in this condition. For a significant conversion in this region, we could roughly constraint the coupling constant g aγ determined from g aγ
The photon survival probability on the whole path from the source to detector is
where
, and P GM F γ→a = 1−P GM F a→γ . When neglecting the cluster mixing, we have P ICM F γ→γ = 1. Fig. 2 reveals the conversion in jet dominates P γ→γ at HE, whereas the conversion in jet and in extragalactic media together contributes to the total conversion at VHE for m a = 0.9 neV and g 12 = 2.9. The critical energy E crit of ALP/photon oscillation in jet is at HE due to the large GMF, whereas that in IGMF is at VHE. Thus the ALPs converted from photons at HE cannot convert back to photons so that abundant photons at HE lost, and the net effect is a hardening in the observed HE-VHE spectrum.
B. Conversion scenarios
Broadly speaking, two complementary ALP/photon conversion scenarios for enhancing transparency of the VHE universe have been proposed [20, 49, 52] : (a) photons convert to ALPs in the gamma-ray sources and then back-conversion happens in GMF, e.g. Ref. [105] , (b) the photon/ALP oscillations take place in IGMF, e.g. Ref. [44, 47] . We will mainly investigate the photon/ALP oscillations which in turn take place in JMF, IGMF, and GMF along the way of the ALP/photon beam. In this scenario, the ALP mass is limited to m a < 2.5 neV for an efficient conversion with E ctit < 1 T eV and g 12 ∼ 10 in IGMF. We take the lower limit of m a as 0.1 neV, which is small enough and no essential effect would be on the conversion probability for smaller mass. Due to the observation constraints on the ALP parameter space [52] , the coupling constant is limited to g 12 < 5 for m a ∈ [0.1 neV, 2.5 neV ]. Nevertheless, we consider the space of coupling constant g 12 ∈ [2.9, 40], for which the conversion in ICMF can be neglected. This parameter space (m a , g 12 ) ∈ [0.1 neV, 2.5 neV ] × [2.9, 40] have not been excluded by CAST [107] and can be probed by the future IAXO experiment.
For these ALP parameters, substantial photons at HE and VHE can convert to ALPs in JMF, and it always means a reduction of the photon flux, although a part of these ALPs may convert back to photons in IGMF or GMF. The photons or ALPs at HE can reach MW galaxy almost without converting or damping in IGMF. Whereas the photons or ALPs above the critical energy (∼500 GeV) would mix or be damped due to the e ± conducing reaction during the propagation in IGMF: γ → γ, γ → e ± , γ → a, γ → a → γ, · · · or a → a, a → γ, a → γ → e ± , a → γ → a, · · ·. We can show that the probability P IGM F a→γ is sensitive to the coupling constant g aγ and the distance of propagation. When g aγ is not large enough (e.g., g 12 < 40, z∼0.3), P IGM F a→γ increases with g aγ . But when g aγ is large enough, P IGM F a→γ stays the same (saturation) or decreases. This is because the process of a → γ becomes more and more important as the g aγ get larger, and the process of a → γ → a would become significant when g aγ is large enough. The case for P IGM F γ→γ is similar, namely that P IGM F γ→γ increases with g aγ and then becomes stable when g aγ gets large enough due to the transition of the dominant process from γ → a and γ → a → γ to γ → a → γ → a.
If g 12 < 20 the conversion in GMF is insignificant, while, for g 12 > 30, the VHE ALP/photon oscillation in IGMF reach or is close to saturation after a distant propagation (e.g., z > 0.2) so that the conversion for VHE photons in GMF is subordinate to that in IGMF. Therefore, for a rough estimate we neglect the conversion in the GMF and the survival probability P γ→γ for VHE photons could be simplified as
The variation of function P γ→γ at VHE is dominated by P IGM F γ→γ and P IGM F a→γ , since the conversion in GMF is always sufficient and P JM F a→γ is relatively stable. Therefore, P γ→γ increases with g aγ and then reach an extremum when g aγ is large enough. For a higher z and E considered, the g aγ corresponding to the extremum may be required to be lower. Moreover, for our samples with z> 0.1, we could take most of the larger values of P γ→γ (the values of P γ→γ for g 12 < 66) although we consider only the ALP parameters space (m a , g 12 
In a word, a part of emitted γ-rays photons convert to ALPs in JMF and then only some of these ALPs at HE convert back to photons in GMF; whereas the ALP/photon above the critical energy (∼500 GeV) could continue to oscillate in IGMF, where the processes of a → γ and γ → a → γ could allow the original TeV photon to escape absorption by the EBL, so that the photon flux observed toward the highest energy could be enhanced relative to that without ALP. This mechanism could shape a harder spectra. This conversion pattern is similar to the conversion scenario (b).
We consider the complementary conversion scenario (a) now. If we consider larger ALP-parameter values rather than limiting to the region (m a , g 12 ) ∈ [0.1 neV, 2.5 neV ] × [2.9, 40], e.g., allowing m a > 2.5 neV and g 12 > 40, the conversion for TeV photons taking place in the source and in the Milky Way would be dominant due to inefficient oscillations in intergalactic space (the critical energy is too high). Furthermore, the resultant simulated IGMF could be weaker if the magnetic field is initialized to B 0 < 1 nG at z=50 in the large-scale cosmological simulations [109] . In this case, the conversion pattern (a) could be dominant although the coupling constant reaches down to g 12 ∼ 10 for m a 1 neV and B T ∼ 1 nG. This scenario with a negligible conversion in IGMF will be discussed in Sec. V.
IV. ANALYZING THE FERMI-LAT AND IACTS DATA
We build four absorption models about the total photon survival probability from the source to the earth. (i) it only involves Gilmore EBL (refer to as GEBL model below); (ii) it includes Gilmore EBL combined with CIBER "excess" (refer to GC model below); (iii) it includes Gilmore EBL with/without CIBER "excess", taking into account the ALP/photon oscillation (refer to GCA/GA model below). Each of the four models together with an assumed-intrinsic spectrum will be used to fit 13 observed BL Lac objects (BL Lacs) spectra at high energy (100 MeV ≤ E ≤ 300 GeV, HE) and VHE. In order to test CIBER EBL and ALP, we need to compare the goodness-of-fit of four theoretical spectra based on the four absorption models.
A. Spectra selection
Blazars are a subclass of active galactic nuclei (AGN) and their jet are directed toward us. When the broad emission lines in their optical spectra is weak, this blazar is called a BL Lac object, i.e., [92] . BL Lacs has a broad-band spectral energy distribution (SED) and are the dominant extragalactic TeV sources. So far about 57 TeV BL Lacs have been detected by IACTs [93] . In this study, we only consider the BL Lac spectra that satisfy the following criteria: 1. the highest energy beyond 800 GeV after the redshift correction; 2. the redshift of sources is relatively certain and larger than 0.1. 3. the observations at HE and VHE are simultaneous, or the source did not exhibit obvious variability in the γ-ray regime. 4. have at least 2 data points at HE and 5 at VHE.
Thirteen spectral measurements of 10 BL Lacs are chosen, which are widely distributed on a redshift scale of 0.1 to 0.61. Except for 1ES1011+496, all spectra combine the Fermi-LAT data at HE and the IACTs data at VHE. The data quality is high for 1ES1011+496 as the data at HE-VHE band is only from MAGIC. Given its high redshift and have sufficient spectral measurements around TeV, PKS 0477-439 is chosen despite the fact that its redshift is not completely certain (z=0.343, ≥ 97%) [84] . 1ES 0229+200, 1ES 1101-232, 1ES 0347-121 and PKS 1424+240, may be hard spectrum sources with an intrinsic photon index Γ VHE ∼ 1.5 [73, 76, 77, 94] . PKS 1424+240 is one of the most distant currently known VHE γ-ray emitter and its red-shift was confirmed in 2017 [95] . In Table I , we summarize the spectra including references. Except for 1ES 1101-232(2004) and 1ES 0229+200(2005), the Fermi-LAT data and IACTs data in each spectrum were measured (quasi) contemporaneously. We note that no significant variation of the VHE γ-ray flux was found in 1ES 0229+200 during its observed period of 2004 and in 1ES 1101-232(2005) [73, 76] .
B. Intrinsic spectra and method
Functions for the intrinsic spectrum-There are usually three functions used to fit intrinsic spectrum of blazar: power-law (PL), log-parabola (LP), and powerlaw with exponential cut-off (PLC). The two-parameter PL spectrum φ P L = φ 0 (E/E 0 ) −α where α is the photon spectral index and it is constrained by the par- ticle acceleration theory to α ≥ 1.5, φ 0 is the flux normalization, and E 0 is the reference energy. The LP spectrum have a nonzero spectral curvature φ LP = φ 0 (E/E 0 ) −s−t log(E/E0) with the additional curvature parameter t > 0 and s + t log(E/E 0 ) ≥ 1.5. We describe the PLC spectrum with 3 free parameters φ P LC = φ 0 (E/E 0 ) −α exp(−E/E cut ), where E cut is the cut-off energy. The theoretical observed spectra are predicted by functions of photon survival probability and the intrinsic spectra
where P G = exp(−τ G ) denotes photon survival probability only under the absorption of the Gilmore EBL, P GC = exp(−τ GC ) presents the absorption of the combined Gilmre and CIBER EBL, and P GCA/GA is equal to P γ→γ with/without CIBER EBL. X represents PL, LP or PLC. The model with ALP have two additional free parameter, i.e., g aγ and m a , relative to the other two models.
Fitting-For any given observed spectrum (HE+VHE) and absorption model, e.g. for PKS 1424+240(2009) and P GCA with given g aγ and m a , we need to try fitting the observed spectrum with the four theoretical spectra respectively, and the function φ X , e.g. φ LP , will be chosen among the four functions when its theoretical spectrum, e.g. φ GCA,LP , achieves the best fit (according to average chi-square value per degree of freedom) [25, 36] .
We perform a fit to the observed spectra with the four theoretical spectra φ G/GC/GCA/GA,X respectively, minimizing the χ 2 function which allows to quantify the goodness of fit and obtaining the best-fitting parameters including those of the intrinsic spectra and the ALP parameters in the GCA/GA model. In this process, the ALP parameters for every spectrum-fitting are in common and in the parameter region (m a , g 12 ) ∈ [0.1 neV, 2.5 neV ] × [2. 9, 40] . It can be probed by the planed IAXO experiment and the part of g 12 < 5 is outside the excluded region constrained by gamma-ray observations (SN1987A and Fermi/LAT NGC1275).
Hypotheses test and significance level -In order to compare the fitting results from four different models and find the best model, we built the following hypotheses:
(i) H 0 : the CIB is entirely explained by the Gilmore EBL model and fit with function P G .
(ii) H 1 : the excess CIBER EBL is a new EBL component and no-ALP fit with function P GC .
(iii) H 2 : the excess CIBER EBL is a new EBL component and ALP exist, fit with functions P GCA/GA .
Beside testing H 0 vs H 1 and H 2 , we will also test H 1 vs H 2 (GCA) to study the effect of ALP/photon coupling. Firstly, we test the hypotheses by comparing the statistic of minimum χ 2 /dof among different models. If the statistic of alternative hypotheses is smaller, then we will construct F-test statistic to calculate the significance level of rejecting null hypotheses, that is:
where n denote the sample size, k and m are the number of freedom parameters for the null hypothesis H and alternative hypothesis H respectively. This statistic follows the F -distribution with n − m degrees of freedom in the denominator and m − k degrees of freedom for the summed chi-squares in the nominator [56] . The procedure we perform for the conversion scenario a) with negligible oscillation in IGMF will be presented in the subsection D of Sec. V.
V. TESULTS AND DISCUSSION
The results (for the conversion scenario including IGMF) of the spectral analysis and fitting of the four models to the spectral points, are summarized in the last column of Table I , Fig. 4 , Table II , Fig. 5 in Appendix A.
The last column of Table I gives the chosen models for the intrinsic spectrum. The four absorption models almost have the same form of the best fitting intrinsic functions for each observed spectrum. This reduces the effect due to the different of intrinsic spectrum on the comparison of the absorption models.
A. The best-fitting theoretical spectra Fig. 4 (left) shows the SED of PKS 1424+240(2009), overlaid with the three best-fitting spectra according to Eq.(13): GEBL (green line), GC (black line) and GCA(red line). Fig. 4 (right) reveals that the ALP/photon conversion in extragalactic medium plays an important role in shaping the harness of theoretical spectrum at VHE. Obviously the GC model cannot fit the VHE spectrum well, and the GCA model achieve an acceptable fitting. This improvement to the goodness of fit (∆χ 2 ) can be reflected quantitatively from the resulting χ 2 : achieve with ∆χ 2 = 4.78 relative to that from GC model spectrum. Upon closer inspection of the SED, the improvement is a result of photon/ALP conversion in jet and extragalactic space during the beam propagation, where a part of HE photons damping due to the conversion but partial VHE photons avoid to be absorbed by the EBL soft photons and lead to a hard spectrum at VHE. A similar situation can be seen in Fig. 5 except for the spectra 1ES 0347-121 , 1ES 0229(2009) and PKS 2155-304(2008). In these spectra the goodness of fit can not be improved for m a =0.1 neV and g 12 =4.9. Note that, this modification by the photon/ALP mixing is directly linked to the strength of the transversal magnetic field along the line of sight and the jet parameters.
For 1ES 1011+496 and 1ES 1218+304, the theoretical spectra φ GCA,X can not fit the observed spectra well even though the goodness of fit is significantly improved in comparison to the GC model. As a result, these two sources contribute about a third of the χ 2 of the models including CIBER EBL, see Table II . This is mainly because the effect of excessive absorption on the spectra at hundreds of GeV by the CIBER EBL photon can not offset effectively through the photon/ALP mixing. It is worth emphasizing that the data quality of these sources is relatively high.
Compare to the GEBL model, the GCA model spectra achieve a significant better fit to only three spectra, i.e. PKS 1424+240, 1ES 1101-232, and the former achieve a acceptable fit for each spectrum, see Fig. 4 and Fig. 5 .
B. the best model
The combined data of the resulting minimum χ 2 value is calculated and the hypotheses H 1 and H 2 (GCA) is tested with the statistic F , see Table. II. The overall fit is improved from the combined minimum χ 2 GC = 264.21 to χ 2 GCA = 168.82. The maximal statistical significance under the hypotheses is 7.6 σ corresponding to the bestfitting values of m a =0.1 neV and g 12 =4.9, and the minimum one approaches 2 σ for the worst-fitting values m a =2.5 neV and g 12 =10. Therefore, the H 1 hypothesis can be rejected at 95% C.L.
The GA (H 2 )and GCA (H 2 ) model can fit the observations well overall with χ 2 GA /dof =1.07 and χ 2 GCA /dof =1.19 respectively, see Table. II. But both of them are larger than that (χ 2 G /dof =1.06) from the GEBL model (H 0 ). Therefore, we accept the null hypothesis H 0 for any values in the region (m a , g 12 ) ∈ [0.1 neV, 2.5 neV ] × [2. 9, 40] . This result demonstrates that the gamma-ray observations of distant blazars prefer the null hypothesis H 0 , i.e., the Gilmore EBL model.
If we only considered the hard spectra PKS 1424+240 and 1ES 1101-232, almost the entire region (m a , g 12 ) ∈ [0.1 neV, 2.5 neV ] × [2.9, 40] is favored at 95% C.L. with respect to the H 0 hypothesis. However, as pointed out by Biteau et al. [25] , it is possible that the so called spectral hardness or even upturn at the highest energy appeared in some special blazars is resulted from leaving out the systematical uncertainty in the analysis. If taking it into account in the calculation of χ 2 , the theoretical spectra with GEBL should fit the observations better.
C. Discussion
In this subsection, we will mainly discuss the ALP/photon conversion (a) introduced above, the minimal CIBER EBL, reasonableness about testing the lower bound of the nominal CIBER EBL, other possible solutions to the tension among the observational data, systematic uncertainties and data quality.
In the conversion scenario (a), the ALP/photon conversion in IGMF is negligible, whereas the conversion in ICMF would be taken into account so that more free parameters will be introduced. Nevertheless, for simplicity, we do not consider the structure of magnetic fields in the source, i.e., the magnetic fields are assumed to be homogeneous in the jet and in the cluster, thus the relevant conversion probability that the emitted gamma-ray II. A comparison of the minimum chi-square values resulted from four different models and they are obtained for the four hypotheses: H0(Gilmore), H1(Gilmore+CIBER), H2(Gilmore+CIBER+ALP for the best-fitting values of ma=0.1 neV and g12=4.9) and H2 (Gilmore+ALP for the best-fitting values of ma=0.5 neV and g12=2.9). The significance of improvement in the goodness of fit due to the introduction of ALP is calculated with the excess variance technique [56] .
Source photons are converted to ALPs can be calculated simply by Eq. 9. The size of conversion region of source is assumed to be 10 kpc and the magnetic field B T = 10 µG, which can satisfy the Hillas criterion for accelerating the ultrahigh-energy cosmic rays [41, 106] . For an efficient conversion under this assumption, we consider the ALPparameters region (m a , g 11 ) ∈ [1 neV, 100 neV ] × [1, 6.6]. The upper limit of g aγ are given by the constraints of the CAST experiment [107] . The lower limit of m a is result from Eq. 10 in the condition of an inefficient conversion in IGMF for B T ∼ 1 nG and the constrained by γ-ray [82] observations. Since the phase of the sine function in Eq. 9 is larger than 1 rad for the considered g aγ , B T and r, i.e., 1.5
1 + ( Ecrit Eγ ) > 1, we take the average value for the square of the sine function to smear out the rapid-oscillatory features of the probability function [41, 106] . III. The goodness of fit for the conversion scenarios (a): ALP/photon conversion occurs in the gamma-ray source and then further reconvert in the MW and (ma, g11) ∈ [1 neV, 100 neV ] × [1, 6.6] . Base on the minimum χ 2 resulted from four different models, we test the four hypotheses: H0(Gilmore), H1(Gilmore+CIBER), H2(Gilmore+CIBER+ALP for the bestfitting values of ma=1 neV and g11=1.5) and H2 (Gilmore+ALP for the best-fitting values of ma=1 neV and g11=1.5). The minimum CIBER EBL is also tested. The significance of improvement in the goodness of fit due to the introduction of ALP is calculated with the excess variance technique.
Source (7) 6.80 (7) 3.40 (7) 6.79 (7) Here, the lower limit of two σ statistical uncertainty and a systematic error of the CIBER data are taken as done with Ref. [41] , so the resultant χ 2 has small difference with the case a σ statistical uncertainty is adopted in Table II . b The best-fitting intrinsic spectrum is LP in this model while other models choose PL, so that the dof here is 9, not 10.
As done above, we perform a combined global fit to the spectra with the GCA and GA model without taking into account the conversion in IGMF. The results are shown in Table III . The goodness of fit between the models including CIBER EBL is improved only with a maximal significance of 2.6 σ due to the introduction of ALP. The minimum χ 2 GA /dof (1.08) and χ 2 GCA /dof (1.58) are larger than those (1.07 and 1.19) of the models taking into account the conversion in IGMF respectively. Therefore the observations for our sample are in favor of the conversion scenario with IGMF between the two mechanisms for the GC model. The goodness of fit with ALP is also inferior to that with Gilmore EBL model. So we still accept the null hypothesis H 0 . Part of the reason for this difference is that the rapid-oscillatory features of the probability function for the conversion in JMF are smeared out.
Compared to Ref. [41] , the χ 2 values of fitting to the spectrum of 1ES 1101-232 with ALP-relevant model are comparable (χ 2 /dof ∼ 0.6, for m a ∼ 1 neV and g 11 ∼ 3.5), even though we consider the structure of GMF.
The tension between the minimal CIBER EBL and the gamma-ray spectra is worth to be discussed. We take average of the data and test it. The minimum χ 2 min /dof is 1.31, see Table III , and is larger than those of the GEBL and models with ALP. It is mainly in tension with the observations of 1ES 1218+304, 1ES 1011+496 and PKS 0447-439. The minimal CIBER EBL has been recently studied by Ref. [96] .
Reasons about testing the lower bound of the nominal CIBER EBL. The best-fit value of g aγ = 4.9 locates at the edge of the excluded region by observations. If we take the average value, then the higher g aγ value would be required to offset the increased EBL absorption, and the best-fit g aγ would fall into the excluded region. On the other hand, the absorption curve around 1 TeV would become more concave. As a result, the challenge for the ALP/photon coupling mechanism to explain the observation or mimic the absorption function of GEBL model successfully would increase greatly. The relation χ 2 GCA > χ 2 GA hints higher CIBER EBL is not preferred by the coupling mechanism. Therefore testing the lower bound could largely represent the whole nominal CIBER EBL to draw a consistent conclusion.
An alternative and possible explanation for the spectral hardening (e.g. PKS 1424+240 [97] , 1ES 1101-232 [78, 99] ) is the "hadronic cascade model", in which an additional γ-ray emission component due to the interactions of EBL or CMB photon with proton Cosmic Rays originating from the blazar along the line of sight lead to the spectral hardening toward the highest energy [98, 100] . However, it is only appropriate for some special sources with z > 1.5 and long time variability [23] , thus the combination of this mechanism and CIBER EBL cannot explain the γ-ray observations of all the blazars. Another model beyond traditional physics is lorentz invariance violation (LIV). But it may lead to a significant reduction of the γ -γ opacity for photons with energies E > 10 TeV and can only explain the observed spectra of some special blazars [34, 102, 103] .
We discuss the sources of systematic uncertainties of the study now. The photon survival probability P Jet γ→γ are sensitive to the jet parameters B VHE and R VHE , thus the uncertainties of these values have a significant impact on the total systematic uncertainties of the relevant result, mainly the best-fit ALP parameters. Therefore we do not aim at constraining the ALP parameters. The values of these jet parameters can be constrained in principle with multi-frequency observations and theoretical models.
The uncertainty resulted from the choice of intrinsic spectral models and the uncertainty of the observed data from the telescope, e.g. energy calibration, have an important contribution to the error of the result. The choice of the observed spectra included in the sample is biased by the criteria (e.g. the highest intrinsic energy > 800 GeV) thus selecting preferentially objects with hard spectra, e.g. the three hard spectra PKS 1424+240 and 1ES 1101-232. Some of them are usually hard to explain by the traditional absorption model e.g. Refs. [21, 34, 76] and seem to prefer the model with ALP. As a result, the sample is biased towards hypothesis H 2 (with ALP) compared to H 0 . However this bias should not change our conclusion, as it prefers the hypothesis H 0 instead.
It is not enough for 98 random realizations to reduce the uncertainty effectively in the stochastic simulation. But the curves of theoretical spectra at VHE almost displayed a smooth shape, which illustrates the mean of 98 realizations have already closed to convergence.
The data quality is important for our study. Few of the χ 2 /dof for the individual spectrum is less than 0.5, e.g. χ 2 G /dof = 0.42 for 1ES 0347-121, which usually means the model have over-constrained for this spectrum. The cause for this problem lies in fewer data points and larger data uncertainty overall. To eliminate this adverse effect, we analyze the 13 spectra on the whole leading to the combined dof > 140 and a robust result 2 > χ 2 /dof > 1. Moreover, though our result suggests that we have no need to introduce the ALP and support the recent EBL model, it is based on our sample that partly reflects the ability of current instrumental measurement. The upcoming telescopes, e.g. CTA and LHAASO, would provide more high quality data including that from more distant sources. Our results would be further tested in the future with more precise data and information on intrinsic physic of the source such as the intrinsic spectrum and the magnetic field structures of jet.
VI. SUMMARY AND CONCLUSION
ALP is expected to potentially resolve the tension between the VHE γ-ray observations of distant blazars and the CIBER EBL [41] , see Fig. 1 . We aim to probe whether the excess radiation of CIBER is a new EBL component, in the background that the recent EBL models are repeatedly tested in many literatures and are generally agreed with the γ-ray observations, see e.g., Refs. [19, 25, 31, [35] [36] [37] [38] [39] . Hence, we build four absorption models, i.e., GCA (Gilmore EBL+CIBER+ALP), GA (Gilmore EBL+ALP), GC (Gilmore EBL+CIBER) and GEBL (Gilmore EBL).
In the model including ALP, the ALP/photon beams cross four magnetic-field regions on their propagation path up to Earth: jet, intra-cluster, extragalactic space and MW galaxy, see Fig. 2 . For an efficient conversion at VHE in IGMF and due to the observation constraints on ALP parameter space [52] , we consider the ALP parameter range (m a , g 12 ) ∈ [0.1 neV, 2.5 neV ] × [2.9, 40] for which the conversion in intra-cluster could be neglected, see Fig. 3 . The conversion, in IGMF obtained from largescale cosmological simulations and in large scale coherent JMF, is important to shape the hardness of spectrum at VHE, see Fig. 2 and Fig. 4 .
A combined global fit is performed to the observed spectra with the absorption models together with the chosen intrinsic spectra, minimizing the χ 2 . Three types of the best-fitting spectra are show in Fig. 4 and Fig. 5 . The hypotheses involving the four absorption models are tested based on their combined minimum χ 2 of the 13 spectra. The goodness of fit for the GC model can be improved with a significance of 7.6 σ if m a = 0.1 neV and g 12 = 4.9, see Table II . However, the goodness of fit either given by the GCA model or GA model is still inferior to that with GEBL, i.e. χ 2 G /dof < χ 2 GA /dof < χ 2 GCA /dof . We also discuss the complementary conversion scenario: the ALP/photon conversion occurs in the gammaray source where the magnetic fields in the blazar jet and intra-cluster are treated as homogeneous and in one zone, and then back-conversion occurs in the Milky Way. We find the maximum improvement to the goodness of fit after introducing the ALP/photon mixing mechanism is significant with 2.6 σ, which is inferior to that in the scenario involving the IGMF, see Table III . The goodness of fit from the GEBL model is also the best among the four models.
Though four of the sample are traditional hard spectra so that the sample selection is biased toward the model with ALP, the result more prefer the GEBL model overall instead. Other possible mechanisms for explaining the spectral harding such as LIV and hadronic cascade of cosmic rays are unlikely generally compatible with the TeV γ-ray observations of extragalactic sources under the absorption of CIBER EBL.
We conclude that the ALP/photon mixing mechanism can effectively alleviate the tension between the γ-rays observations and the CIBER data. In particular, the spectra of PKS 1424+240 and 1ES 1101-232 are best explained by this mechanism if the systematic uncertainties on the measured flux are neglected. However, the Gilmore EBL attenuation can, on the whole, explain the γ-ray observations of our samples, and it is more consistent with the observations than the model including ALP under our magnetic scenario. Hence, in a statistical sense, assuming the existence of the ALP to alleviate the tension is not required, and the CIBER excess over the EBL models is less likely to be a new EBL component.
The upcoming CTA and LHAASO would provide more precise data on VHE γ-rays from distant blazar. On the other hand, detecting the NIR EBL by an instrument in deep space where zodiacal light foreground is absent or with precise multi-band fluctuation measurements would be possible in the future [6] . These two improvements will help to clarify the uncertainties related to the origin of CIBER EBL and test our conclusion.
